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To optimally manage an environment with predators, prey must correctly distinguish between cues that are risky and cues that are safe. Even a specific cue that is safe in one area or at a certain time may be dangerous in other situations, and vice versa. Latent inhibition is a cognitive mechanism by which animals fail to learn that a stimulus as risky because they have already learned it as non-threatening via previous encounters with the stimulus in the absence of negative consequences. Here, we demonstrate that latent inhibition of predator-recognition learning in wood frog tadpoles, Lithobates sylvaticus, depends on the timing of their learning opportunities. For 6 days, tadpoles were exposed daily to an initially novel stimulus (salamander odour), either in the morning (11.00-13.00 h) or evening (16.00-18.00 h). The following day, we conditioned tadpoles to recognize the salamander odour as a predator by pairing it with injured tadpole cues, either at the same time as their previous experience or at the opposite time. When tested the following day, latent inhibition occurred under each scenario where the timing of conditioning matched the timing of the pre-exposure. However, tadpoles tested in the morning showed learned fright responses when conditioned in the morning if their pre-exposure had occurred in the evening, whereas individuals tested in the evening showed learned fright responses when conditioned in the evening if their pre-exposure had occurred in the morning. This is the first report of timedependent latent inhibition of predator-recognition learning, which is likely an important mechanism for correctly managing predation risk and safety.
Introduction
Prey can often defend themselves from predators via changes in morphology, physiology and behaviour [1] . Although such antipredator defences can lead to increased prey survival, they also incur costs such as energetic losses and missed opportunities for foraging, mating or defending territory. Hence, defences should only be enacted when danger is present, and a prerequisite for doing so is to correctly distinguish between instances of risk and safety [2] . In some cases, animals recognize predator cues innately, and learning allows prey to modify existing information about predators. When prey lack innate recognition, learning allows them to correctly label new threats [3] . Learning is especially useful because predation risk fluctuates over spatial and temporal scales, as predators come and go over daily, lunar and seasonal cycles [4] . Many predators are known to hunt at specific times (e.g. crepuscular predators), for example, and their cues would not constitute a threat outside those times (e.g. [5, 6] ). In such cases, prey have the opportunity to learn temporal patterns of risk and safety [7] .
Animals can learn that a stimulus is safe when they experience it repeatedly in the absence of negative consequences. At a later time, such learned safety can & 2019 The Author(s) Published by the Royal Society. All rights reserved.
inhibit the learning of the stimulus as dangerous, a process known as 'latent inhibition' [8] . Demonstrating that latent inhibition has occurred first involves a 'pre-exposure' period when the animal is repeatedly exposed to the stimulus, followed by a 'conditioning' period when the stimulus is paired with an unconditioned stimulus [9] . Subsequently, a 'testing' period is used to determine whether the animal learned the stimulus as a threat. The pre-exposure period allows the animal to associate the stimulus not only with the absence of negative consequences but also with the context of the pre-exposure environment. Hence, an animal may learn that a stimulus is safe, but only in a specific context or those that are similar.
In this study, we sought to discover whether wood frog tadpoles, Lithobates sylvaticus, could learn the timing of safe information (i.e. time-dependent latent inhibition), as some predators may be non-threats at certain times of day (e.g. [10] ). These tadpoles are known to learn novel predator cues as a threat via pairings with damaged-released cues from injured conspecifics (alarm cues), which reliably indicate a predator attack [11] . Many larval anurans, including wood frog tadpoles, show a decrease in activity when they encounter a stimulus that they perceive as risky [12] . Here, we used odour from tiger salamanders, Ambystoma mavortium, as a novel predator odour, to which wood frog tadpoles in our population lack an innate response [13] . First, we conducted pre-exposures to the odour either in the morning (11.00-13.00 h) or evening (16.00-18.00 h) every day for six consecutive days. We then conditioned the tadpoles with the predator odour paired with injured conspecific cues (or a sham conditioning control) either in the morning or evening. On the following day, we tested tadpoles for their response to predator odour in either the morning or evening (2 Â 2 Â 2 Â 2 design). As in previous studies (e.g. [14, 15] ), we expected that latent inhibition of predator-recognition learning would occur owing to the pre-exposure to the odour. However, we predicted that the subsequent predator conditioning would cause tadpoles to learn the threat when it occurred at a different time (i.e. not matching the preexposure time). Hence, tadpoles could learn that the odour was threatening in the morning if they had previously learned the odour as safe in the evening, and vice versa. We expected to observe these learned fright responses when the testing time (morning or evening) matched the conditioning time but not the pre-exposure time.
Material and methods (a) Collection and maintenance
We collected several clutches of wood frog eggs (within 36 h of oviposition) from ponds at a site in central Alberta, Canada, for experiments during April 2016. To date, tadpoles from this site have not been found to show innate recognition of predator odours, so a collection of freshly laid eggs presumably results in naivete (i.e. little opportunity for prior learning). The eight clutches used in this experiment were housed in four outdoor pools (370 l) filled with 300 l of water from a well (hereafter, water) that had been seeded with plankton and aquatic reeds from one of the ponds to provide natural pond odours but without predator odours. After hatching, tadpoles were fed algal discs (Wardley), and a partial water change (20%) was conducted twice per week. At the time of the experiment, tadpoles were two to three weeks old, 14 -20 mm in total length and at developmental stage 25, where they are freely swimming and feeding but still lack limb buds [16] .
(b) Experimental cues
We prepared injured tadpole cues (hereafter, alarm cues) to use as an unconditioned stimulus during the conditioning phase of the experiment. To obtain the cues, we sacrificed 32 donor tadpoles via rapid pulverization with a pestle. The paste was then ground inside a mortar, filtered to remove solid particles and diluted into 320 ml of water; the cues were at the time of conditioning. As the conditioned stimulus, we used the odour of two adult tiger salamanders (approx. 10 cm snout -vent length) that had been kept in 4 l of unfiltered water for 24 h. These salamanders came from a laboratory stock colony and were raised on an earthworm diet.
(c) Pre-exposures
First, 640 tadpoles were collected from the pools and mixed together. We then filled 32 plastic pails (approx. 20 Â 20 Â 20 cm, filled with 4 l of water) with 20 individuals each. After 1 day of acclimation, we began conducting 'pre-exposures' to the salamander odour (20 ml injections with a syringe). Half of the pails were exposed once in the morning (11.00 -13.00 h) and the other half once in the evening (16.00-18.00 h) (figure 1). To account for the difference in the disturbance schedule, the morning group received a water injection (20 ml) in the evening and vice versa. The pre-exposure period lasted for 6 days, and all pails received an 80% water change 1 h after each pre-exposure.
(d) Conditioning
After the final pre-exposure, we separated the tadpoles from each pail into four plastic cups (approx. 480 ml each) that were filled with water and kept inside the pail and surrounded by water to buffer ambient temperature fluctuations (128 cups total with 5 tadpoles each). Conditioning occurred the following day. Within each pail, two cups were designated as receiving morning conditionings (11.00-13.00 h) and the other two cups as evening conditionings (16.00 -18.00 h) (figure 1). Then, within each pair of cups, one was designated as receiving a true predator conditioning with alarm cues (5 ml solution ¼ 0.5 donor tadpole cues) paired with the salamander odour (5 ml), whereas the other cup received a sham conditioning of water (5 ml) paired with salamander odour (5 ml) (figure 1). At the opposite time period, all groups received a sham conditioning (water þ odour). Each cup received an 80% water change and food, 1 h after the evening exposure.
(e) Testing
The day following conditioning, tadpoles were tested individually for their responses to the salamander odour. First, each tadpole was moved into a new cup filled with fresh water. After a minimum of 1 h of acclimation, each tadpole was tested once by an observer who was blind to the treatments. Half of the trials occurred in the morning and half in the evening, with the testing time crossed with the other factors (figure 1). Trials consisted of a 4-min pre-stimulus observation period, followed by a gentle injection of the salamander odour (5 ml), and a 4-min post-stimulus observation period. Each cup had a medial line that was used to quantify tadpole movement as the number of lines crossed, recorded when the entire body of the tadpole had crossed the line. Tadpoles had to cross a minimum of eight lines during the pre-stimulus period to be tested further. In total, we tested 364 tadpoles (15-26 per treatment group). All trials were performed outdoors, and the treatments were tested in a random order.
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(f ) Statistical analyses
We used a General Linear Model to test the effects of the four fixed factors [ pre-exposure time (morning or evening), conditioning time (morning or evening), conditioning treatment (alarm cue þ odour or water þ odour) and testing time (morning or evening)] and their interactions. We also included the pre-exposure pail and the conditioning cup in the model as nested factors to account for the non-independence of group exposures. For post hoc tests, we split the data by pre-exposure time, conditioning time and testing time. Then, for each sub-group, we tested the effect of the conditioning treatment, again including the preexposure pail and the conditioning cup as nested factors. Analyses were conducted in SPSS 20 with a ¼ 0.05.
Results
We found three significant three-way interactions involving different combinations of all fixed factors, revealing that learned antipredator responses depended on the conditioning treatment and the timing of all three periods (pre-exposure, conditioning and testing) (all p , 0.05, electronic supplementary material, table S1; figure 2). For tadpoles that were pre-exposed during the morning, only those that received an alarm cue conditioning in the evening and were then tested in the evening showed significant learned fright responses (i.e. no latent inhibition) (F 1,9.3 ¼ 29.2; p , 0.001, electronic supplementary material, table S2; figure 2). For those preexposed in the evening, the reverse pattern was found: only tadpoles that were conditioned with alarm cues in the morning and then tested in the morning showed significant learned fright responses (i.e. no latent inhibition) (F 1,6.4 ¼ 17.3; P ¼ 0.005, electronic supplementary material, table S2 and figure 2).
Discussion
Our results reveal that latent inhibition of predatorrecognition learning by tadpoles is time-sensitive. Pre-exposures to the odour in either the morning or evening prevented the subsequent learning of the odour as a threat at those times. Hence, the tadpoles had learned the stimulus as safe at those times of the day. However, at different times of day (i.e. not matching the pre-exposure), tadpoles appeared to learn the odour as a threat (i.e. no latent inhibition). However, they only showed this learned association at the same time of day as the conditioning time. Hence, when they had learned safety at one time of day and learned risk at the other, they perceived the odour differently (and correctly) depending on the time it was encountered. We should also note that when the testing time matched the pre-exposure time but not the conditioning time, an intermediate learned fright response would not have been surprising given that a temporal difference between pre-exposure and conditioning could reduce the effect of the pre-exposures. However, we found no evidence for learned fright responses in such cases.
How latent inhibition is influenced by context has been the subject of several studies but almost exclusively in the context of taste-aversion learning by rats. Some of those studies have found that using different environmental chambers between the pre-exposure and conditioning periods decreases the strength of latent inhibition of taste-aversion learning [9] . Others studies have reported findings similar to our study, where different timing between the pre-exposure and conditioning periods weakened latent inhibition [17] . In one study, akin to context-dependent latent inhibition of predator-recognition learning, electric shocks were used to condition rats to fear a clicking sound [18] . Pre-exposure to the sound prevented the learned association unless the pre-exposure and conditioning periods occurred in different chambers. In fishes, latent inhibition has been found to depend on the social context [15] and the background level of risk [19] . To our knowledge, however, this study is the first demonstration of context-dependent latent inhibition in an amphibian and is the first report of timedependent latent inhibition of predator-recognition learning in any taxon. Many questions remain, however. How much preexposure is needed for safety learning? Six exposures were used in this study. How far apart must learning opportunities (pre-exposure/conditioning) be for prey to recognize temporal patterns (approx. 5 h here), and similarly, what range of time around these learning opportunities is necessary to distinguish between learned risk and safety? Our work, here, did not explore these questions, so future work into such questions could be useful. Figure 1 . Experimental phases used to assess time-dependent latent inhibition of predator-recognition learning. Pre-exposures to salamander odour occurred for 6 days either in the morning (11.00 -13.00) or evening (16.00 -18.00). Half of each treatment was conditioned in the morning and the other half in the evening, with either a 'predator conditioning' of salamander odour (depicted by grey circle with wavy lines) paired with alarm cues (AC) or a 'sham conditioning' of salamander odour paired with water (depicted by droplet). Testing with salamander odour occurred in the morning or evening.
The role of latent inhibition in the natural environment is perhaps underappreciated. Animals will routinely experience biotic and abiotic cues that are non-threatening (e.g. vegetation, substrate, prey), and an encounter with an alarm cue should not result in learning these non-threatening cues as dangerous (i.e. latent inhibition). In such a situation, only cues that were not previously associated with safety should be learned as a potential threat. Moreover, while many predators may be nearby throughout the day, they may only become dangerous at certain times (e.g. [5, 6] ) and may even provide cues that they are not a threat in certain situations. Prey would need to routinely experience the predator cues during safe situations for time-dependent latent inhibition to be relevant. Further work should explore situations where predator cues may be perceived as safe.
Because antipredator responses are critical during dangerous times, but costly during safe times, time-dependent learning of risk and safety can allow prey to optimize their behaviour. During known periods of safety, they can take full advantage of not having to invest in costly antipredator defences. Hence, learned safety can be a critical component of prey decision making. While behavioural ecologists have focused much attention on the role of fear in antipredator decision making, learned safety may be equally important. Figure 2 . Mean (+s.e.) proportion change in line crosses for tadpoles pre-exposed to salamander odour in the morning (11.00 -13.00) or evening (16.00 -18.00), then conditioned in the morning or evening with either the salamander odour paired with alarm cues ('predator conditioning'-gray bars) or salamander odour paired with water ('sham conditioning'-white bars), and then tested with salamander odour in the morning or evening. Asterisks represent significant post hoc comparisons (n.s.: non-significant).
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